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Abstrat
The quasirealisti free fermioni heterotistring models provide some of
the most detailed examples to explore the phenomenology of string unia-
tion. While providing a powerful tool to generate models and their spetra,
understanding the realisation of the free fermion models in a bosoni formal-
ism will provide important insight into their basi properties away from the
free fermion point. In this paper we eluidate bosoni equivalent of the ba-
si symmetry breaking pattern in the free fermion models from E8 × E8 to
SO(16) × SO(16) and exhibit the onnetion of the free fermion models with
orresponding nonsupersymmetri vaua by interpolations.
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1 Introdution
The heterotistring models in the free fermioni formulation are among the most
realisti string models onstruted to date [1℄. Indeed, the quasirealisti models
utilizing this formalism, onstruted nearly two deades ago [24℄, have been utilised
to explore how many of the issues pertaining to the phenomenology of the Standard
Model and Grand Unied Theories may arise from string theory, inluding: fermion
masses, mixing and CPviolation; neutrino masses; proton stability; gauge oupling
uniation; supersymmetry breaking and smatter degeneray [1℄. Additionally, this
onstrution gives rise to models in whih the Standard Model harged spetrum
below the string sale onsist solely of that of the Minimal Supersymmetri Standard
Model [3℄. The phenomenologial free fermioni string models therefore serve as a
laboratory in whih we an investigate how the Standard Model data may be obtained
from a fundamental theory. In turn, these models are used to reveal general properties
of string theory. In this vein, duality under the exhange of spinors and vetors of
the SO(10) GUT group was disovered [5℄. This, and other, duality symmetries in
the string vaua spae, indiate that the string models live in a onneted spae.
Thus, while from point of view of the eetive low energy eld theory limit of the
string vaua, the spinorvetor dual pairs orrespond to nonequivalent theories, the
vaua are onneted in string theory. Essentially, we an say that in string theory the
duality map interhanges between massless and massive string states, hene induing
the duality map between vaua that in the eetive low energy eld theory orrespond
to ompletely dierent phenomenology.
The need to understand better the properties of the free fermioni models is
evident. An important feature of the realisti free fermioni models is their underlying
Z2×Z2 orbifold struture [6,7℄. Furthermore, a vital distintion of the quasirealisti
free fermioni models is that the initial gauge symmetry at the level of the toroidal
ompatiation with four dimensional N = 4 spaetime supersymmetry, whih is
then moded by the Z2×Z2 orbidold to N = 1, orrespond to SO(16)×SO(16), rather
than the more onventional E8×E8 symmetry, whih is usually the initial symmetry in
orbifold onstrutions. This distintion has important phenomenologial onsequene
that have been elaborated elsewhere [8℄. In the free fermioni formalism the two ases
an be seen to arise from a disreet hoie of a Generalised GSO (GGSO) projetion
oeient. Alternatively, as has been demonstrated in [7℄ by studying the respetive
partition funtions, the two ases an be onneted by a Z2×Z2 orbifold. In the ten
dimensional ase the relevant GGSO phase orrespond to the disreet hoie between
the N = 1 supersymmetri heteroti E8×E8 string [9℄ versus the nonsupersymmetri
SO(16)× SO(16) heterotistring vauum [10℄.
In the free fermioni formalism the relevant phase is the GGSO phase, whih is
responsible for the projetion of the spinorial representations in the deomposition
of the adjoint of E8×E8 under SO(16)×SO(16) [6,7℄, hene induing the redution
of the symmetry from E8 × E8 to SO(16)× SO(16). The disreet GGSO hoie is
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responsible for this projetion in the ten and four dimensional free fermion models.
Alternatively, one an formulate the same projetion at the free fermion point as
orbifolding by a fermion number that ats on the gauge degrees of freedom oupled
with a fermion number ating on the internal lattie, in the four dimensional ase
[7℄, or on the spaetime degrees of freedom in the ten dimensional ase [10℄. The
natural question is what is the relation between the ases. In this paper we address
this question by writing expliitly the partition funtion of these vaua at the free
fermion point, and subsequently at the general point of moduli spae. This may
assist on better understanding of the internal spaes of these vaua and possibly the
geometrial struture that they give rise to.
We rst formulate the orbifold projetion from the E8 ×E8 to SO(16)× SO(16)
gauge symmetry as a fermion number ating on the gauge degrees of freedom oupled
with a shift in the internal the internal lattie. We then onstrut the partition
funtions orresponding to the model with the internal shift and demonstrate how it
an be interpolated with the orresponding nonsupersymmetri vauum. The results
presented here therefore eluidate the role of the free phase in the free fermioni
models and how its operation is translated to the orbifold onstrution. One an
then hope to be able to retrieve some of the suessful phenomenologial and duality
features of the free fermion models in the orbifold models. In the reverse diretion,
one may hope to gain some insight into the geometrial strutures that underlie the
free fermion models, in partiular in relation to the dualities and vauum seletion.
Our paper is organised as follows. In setion 2 we review the struture of the
quasirealisti free fermioni models, and in partiular the harateristis that are
relevant for the analysis here. In setion 3 we disuss the partition funtions underly-
ing the NAHEbased free fermioni models. In setion 4 we disuss the interpolations
among the NAHEbased partition funtions. Setion 5 onludes the paper.
2 Review of free fermioni models
In this setion we disuss some of the relevant features of the free fermioni models
(see [1℄ for a more detailed introdution). In the free fermioni formulation of the
heteroti string in four dimensions all the world-sheet degrees of freedom required to
anel the onformal anomaly are represented in terms of free fermions propagating
on the string world-sheet [11℄. In the light-one gauge the world-sheet eld ontent
onsists of two transverse left- and right-moving spae-time oordinate bosons, Xµ1,2
and X¯µ1,2, and their left-moving fermioni superpartners ψ
µ
1,2, and additional 62 purely
internal Majorana-Weyl fermions, of whih 18 are left-moving,
χ1,..,6, y1,...,6, ω1,...,6
and 44 are right-moving
y1,...,6, ω1,...,6, ψ
1,..,5
, η1,2,3, φ
1,...,8
.
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Under parallel transport around a non-ontratible loop on the toroidal world-sheet
the fermioni elds pik up a phase, f → −eipiα(f)f , α(f) ∈ (−1,+1]. Eah
set of speied phases for all world-sheet fermions, around all the non-ontratible
loops is alled the spin struture of the model. Suh spin strutures are usually
given in the form of 64 dimensional boundary ondition vetors, with eah element of
the vetor speifying the phase of the orresponding world-sheet fermion. The basis
vetors are onstrained by string onsisteny requirements and ompletely determine
the vauum struture of the model. The physial spetrum is obtained by applying
the generalised GSO projetions. The boundary ondition basis dening a typial
realisti free fermioni heteroti string model is onstruted in two stages. The
rst stage onsists of the NAHE set, whih is a set of ve boundary ondition basis
vetors, {1, S, b1, b2, b3} [12℄
S = {ψ1,2, χ1,...,6}, b1 = {ψ
1,2, χ1,2, y3,..,6|y3,..6, ψ
1,..,5,
, η1}
b2 = {ψ
1,2, χ3,4, y1,2, ω5,6|y1,2, ω5,6, ψ
1,..,5,
, η2}
b3 = {ψ
1,2, χ3,4, ω1,..,4|ω1,..,4, ψ
1,..,5,
, η3}
where elds with α(f) = 1 are indiated expliitly The gauge group after imposing
the GSO projetions indued by the NAHE set is SO(10)× SO(6)3×E8 with N = 1
supersymmetry.
The seond stage of the onstrution onsists of adding to the NAHE set three
(or four) additional boundary ondition basis vetors, typially denoted by {α, β, γ}.
These additional basis vetors redue the number of generations to three hiral
generations, one from eah of the setors b1, b2 and b3, and simultaneously break
the four dimensional gauge group. The assignment of boundary onditions to
{ψ¯1,··· ,5} breaks SO(10) to one of its subgroups SU(5)×U(1) [2℄, SO(6)× SO(4) [4℄,
SU(3)× SU(2)× U(1)2 [3℄ or SU(3)× SU(2)2 × U(1) [13℄.
The orrespondene of the NAHE-based free fermioni models with the orbifold
onstrution is illustrated by extending the NAHE set, {1, S, b1, b2, b3}, by one addi-
tional boundary ondition basis vetor [6℄,
ξ1 = {ψ
1,..,5
, η1,2,3}, (2.1)
To onstrut the model in the orbifold formulation one starts with the ompatia-
tion on a torus with nontrivial bakground elds [14℄. The subset of basis vetors
{1, S, ξ1, ξ2}, ξ2 = 1 + b1 + b2 + b3 (2.2)
generates a toroidally-ompatied model with N = 4 spae-time supersymmetry
and SO(12)×E8×E8 gauge group. Adding the two basis vetors b1 and b2 to the set
(2.2) orresponds to the Z2 × Z2 orbifold model with standard embedding. Starting
from the Narain model with SO(12)×E8×E8 symmetry [14℄, and applying the Z2×Z2
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twist on the internal oordinates, reprodues the spetrum of the free-fermion model
with the six-dimensional basis set {1, S, ξ1, ξ2, b1, b2}. The Euler harateristi of this
model is 48 with h11 = 27 and h21 = 3.
The eet of the additional basis vetor ξ1 of eq. (2.1), is to separate the gauge
degrees of freedom, spanned by the world-sheet fermions {ψ¯1,··· ,5, η¯1, η¯2, η¯3, φ¯1,··· ,8},
from the internal ompatied degrees of freedom {y, ω|y¯, ω¯}1,··· ,6. In the realisti
free fermioni models this is ahieved by the vetor 2γ [6℄
2γ = {ψ
1,...,5
, η1,2,3, φ
1...,4
} (2.3)
This vetor breaks E8 × E8 gauge symmetry down to SO(16) × SO(16), whereas
Z2 ×Z2 orbifold further breaks it down to SO(4)
3× SO(10)×U(1)3 × SO(16). The
orbifold still yields a model with 24 generations, eight from eah twisted setor, but
now the generations are in the hiral 16 representation of SO(10), rather than in
the 27 of E6. The same model an be realized with the set {1, S, ξ1, ξ2, b1, b2}, by
projeting out the 16⊕ 16 from the ξ1-setor taking
c
(
ξ1
ξ2
)
→ −c
(
ξ1
ξ2
)
, (2.4)
where c
(
ξ1
ξ2
)
is a GGSO phase appearing in the partition funtion. This hoie also
projets out the massless vetor bosons in the 128 of SO(16) in the hidden-setor E8
gauge group, thereby breaking the E6 × E8 symmetry to SO(10)×U(1)× SO(16).
The freedom in (2.4) orresponds to a disrete torsion in the free fermioni model.
At the level of the N = 4 Narain model generated by the set (2.2), we an dene
two models, Z+ and Z−, depending on the sign of the disrete torsion in eq. (2.4).
The rst, say Z+, produes the E8×E8 model, whereas the seond, say Z−, produes
the SO(16)× SO(16) model. However, the Z2 × Z2 twist ats identially in the two
models, and their physial harateristis dier only due to the disrete torsion eq.
(2.4).
The projetion indued by eqs. (2.3), or (2.4), has important phenomenologial
onsequenes in the free fermioni onstrutions that are relevant for orbold models.
In the ase of Z+ the ation of the Z2×Z2 orbifold is to break the observable E8 sym-
metry to E6×U(1)
2
. The hiral matter states are ontained in the 27 representation
of E6, whih deomposes as
27 = 16 1
2
+ 10−1 + 12 (2.5)
under the SO(10) × U(1) subgroup of E6, where the spinorial 16 and vetorial 10
representations of SO(10) ontain the Standard Model fermion and Higgs states,
respetively. The projetion indued by (2.4) in Z− entails that either the spino-
rial, or the vetorial, representation survives the GSO projetion at a given xed
point. Hene, this projetion operates a Higgsmatter splitting mehanism [8℄ in the
phenomenologial free fermioni models.
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In ontradistintion most of the heteroti orbifold models onstruted to date
are based on on the E8×E8 heterotistring ompatied to four dimensions, and the
breaking of the E8 symmetry is indued by Wilson lines [15℄ (for onstrutions based
on the SO(32) heterotistring see e.g. [16℄). The Z− hoie in (2.4) also results in
the breaking of the rightmoving N = 2 worldsheet symmetry, and is relevant in
the spinorvetor duality, observed in ref. [5℄ in the framework of the free fermioni
models. Thus, it would be beneial to learn how to implement this projetion in the
orbifold models, whih will open the way to onstrut new lasses of quasirealisti
orbifold models, as well as to obtain a realisation of the spinorvetor duality in suh
models.
3 Partition funtions of NAHEbased models
The partition funtions orresponding to the Z4d
−
and Z4d+ vaua after the om-
patiation of the ten dimensional E8 × E8 heteroti superstring on the SO(12)
lattie at the speial point of the moduli spae are given by
Z4d
−
=
(V8 − S8)
τ2(ηη)
8 ×
[ (
|O12|
2 + |V12|
2
) (
O16O16 + C16C16
)
+
(
|S12|
2 + |C12|
2
) (
S16S16 + V 16V 16
)
+
(
O12V 12 + V12O12
) (
S16V 16 + V 16S16
)
+
(
S12C12 + C12S12
) (
O16C16 + C16O16
)]
, (3.1)
and
Z4d+ =
(V8 − S8)
τ2(ηη)
8
[
|O12|
2 + |V12|
2 + |S12|
2 + |C12|
2
] (
O16 + S16
) (
O16 + S16
)
, (3.2)
depending on the sign of the disrete torsion. Here we have written Z± in terms of
level-one SO(2n) haraters (see, for instane [17℄)
O2n =
1
2
(
ϑn3
ηn
+
ϑn4
ηn
)
,
V2n =
1
2
(
ϑn3
ηn
−
ϑn4
ηn
)
,
S2n =
1
2
(
ϑn2
ηn
+ i−n
ϑn1
ηn
)
,
C2n =
1
2
(
ϑn2
ηn
− i−n
ϑn1
ηn
)
(3.3)
and the expressions of the form |O12|
2
mean O12O12. These two models an atually
be onneted by the orbifold [7℄
Z− = Z+/a⊗ b , (3.4)
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with
a = (−1)F
int
L
+F 1
ξ ,
b = (−1)F
int
L
+F 2
ξ . (3.5)
Here FL is the fermion number for the left omponent in the expression of the
internal lattie i.e., the only nontrivial ation of this operator is FLS12 = S12 and
FLC12 = C12. The operators F
1
ξ and F
2
ξ are fermion number operators in the rst
and the seond gauge fators respetively. The orbifold projetion given in eqs (3.4)
and (3.5) is dened at the free fermioni point in the moduli spae sine Z4d+ and
Z4d
−
are expressed at this point. However, it an be generalised to an arbitrary point
in the moduli spae and hene an be employed to onstrut orbifold models that
originate from the Z4d
−
partition funtion, in analogy to the ase in the free fermioni
onstrutions.
The analogous partition funtion Z9d+ in the ase of one ompatied dimension
at a general point of moduli spae is given by
Z9d+ =
(V8 − S8)
τ2
7
2 (ηη)8
Λm,n
(
O16 + S16
) (
O16 + S16
)
, (3.6)
where
Λm,n = q
α′
4
p2
L q¯
α′
4
p2
R, pL,R =
m
R
±
nR
α′
(3.7)
applying the orbifold projetions
Z2 : g = (−1)
F
ξ1δ1 ,
Z ′2 : g
′ = (−1)Fξ2δ1 . (3.8)
where
δ1 : X
9 → X9 + πR9 , ⇒ Λmn → (−1)
mΛmn . (3.9)
in Z9d+ produes the Z
9d
−
partition funtion given by
Z9d
−
=
(V8 − S8)
τ2
7
2 (ηη)8
[ Λ2m,n
(
O16O16 + C16C16
)
+ Λ2m+1,n
(
S16S16 + V 16V 16
)
+ Λ2m,n+ 1
2
(
S16V 16 + V 16S16
)
+ Λ2m+1,n+ 1
2
(
O16C16 + C16O16
)]
.
(3.10)
Let us note that the internal fermion number operator whih appears in (3.5) is now
replaed by the shift along the ompat dimension, given in (3.9).
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We note here that the shift given by delta diers from the shifts that were found
in ref. [7℄ to reprodue the partition funtion of the SO(12) lattie at the maximally
symmetri free fermioni point, given in eq.(3.2). Sine the string ontains momentum
and winding modes along a ompatied oordinate, one an shift the oordinate
along either, and also allow shifts that mix the momentum and winding modes [18℄.
Indeed, the preise identiation of the lattie at the free fermioni point is obtained
for shifts that mix momentum and winding modes. Here we restrit ourselves to the
simpler shifts and inorporation of other shifts is left for a future work.
Let us onsider partition funtions (3.6) and (3.10) at the speial (free fermioni)
point of the moduli spae i.e.,
Z9d+ =
(V8 − S8)
τ2
7
2 (ηη)8
(
|O2|
2 + |V2|
2 + |S2|
2 + |C2|
2
) (
O16 + S16
) (
O16 + S16
)
(3.11)
and
Z9d
−
=
(V8 − S8)
τ2
7
2 (ηη)8
×
[(
|O2|
2 + |V2|
2
) (
O16O16 + C16C16
)
+
(
|S2|
2 + |C2|
2
) (
S16S16 + V 16V 16
)
+
(
O2V 2 + V2O2
) (
S16V 16 + V 16S16
)
+
(
S2C2 + C2S2
) (
O16C16 + C16O16
)]
. (3.12)
In this ase the Z2 × Z
′
2 orbifold operation is again given by (3.5) where F
int
L ats
on S2 and C2 of the internal one  dimensional lattie. Equations (3.11) and (3.12)
therefore have the same struture as the orresponding four dimensional equations
(3.1) and (3.2) respetively.
We now omment on the ten dimensional ase. In terms of the free fermioni
formalism both Z+ and Z− models are generated by the set of basis vetors {1, ξ1, ξ2}.
The Ssetor is obtained as a ombination of the basis vetors with S = 1+ ξ1 + ξ2.
As a result the GGSO oeient c
(
S
ξ1
)
is proportional to c
(
ξ2
ξ1
)
. Consequently, the
hoie of the GGSO oeient
c
(
ξ2
ξ1
)
= −1 ,
redues the E8×E8 gauge symmetry to SO(16)×SO(16) as well as projets out the
spaetime supersymmetry generator from the Ssetor. In terms of c
(
ξ1
ξ2
)
the free
fermioni partition funtion takes the form
Z10d =
1
τ24(ηη)
8
1
23
{(
θ43 − θ
4
4 − θ
4
2 − θ
4
1
) (
θ¯163 + θ¯
16
4 + θ¯
16
2 + θ¯
16
1
)
7
+[
θ43 − θ
4
4 − c
(
ξ1
ξ2
)(
θ42 + θ
4
1
)] [
θ¯83 θ¯
8
4 + θ¯
8
4θ¯
8
3 + c
(
ξ1
ξ2
)(
θ¯82θ¯
8
1 + θ¯
8
1 θ¯
8
2
)]
+
[
θ43 − c
(
ξ1
ξ2
)(
θ44 + θ
4
1
)
− θ42
] [
θ¯82 θ¯
8
3 + θ¯
8
3θ¯
8
2 + c
(
ξ1
ξ2
)(
θ¯84θ¯
8
1 + θ¯
8
1 θ¯
8
4
)]
[
c
(
ξ1
ξ2
)(
θ43 − θ
4
1
)
− θ44 − θ
4
2
] [
θ¯82 θ¯
8
4 + θ¯
8
4θ¯
8
2 + c
(
ξ1
ξ2
)(
θ¯83 θ¯
8
1 + θ¯
8
1 θ¯
8
3
)]}
(3.13)
The hoie c
(
ξ1
ξ2
)
= 1 of the GGSO oeient orresponds to the partition funtion
Z+ and the hoie c
(
ξ1
ξ2
)
= −1 orresponds to Z−. In terms of the haraters of eq.
(3.3) Z+ takes the form
Z10d+ =
(V8 − S8)
τ24(ηη)
8
(
O16 + S16
) (
O16 + S16
)
(3.14)
and Z10d
−
Z10d
−
=
1
τ24(ηη)
8 [ V8
(
O16O16 + C16C16
)
− S8
(
S16S16 + V 16V 16
)
+ O8
(
S16V 16 + V 16S16
)
− C8
(
O16C16 + C16O16
)]
. (3.15)
The projetion to be implemented in Z+ to obtain Z− is
1 + (−1)F+Fξ1
2
×
1 + (−1)F+Fξ2
2
, (3.16)
with F being the spae-time fermion number and Fξ1,2 as before. Therefore the
projetion in the ten dimensional ase reprodues the partition funtion of the non
supersymmetri SO(16)× SO(16) heteroti string.
In order to see what happens for the ase of ompatiation to nine dimensions
one an rewrite the partition funtions (3.11) and (3.12) in the form similar to (3.13)
i.e., therms of θ funtions. The one an show that the dierene between these
partition funtions is due to a hoie of the disrete torsion c
(
ξ1
ξ2
)
= ±1. One an
onlude that in the free fermioni onstrution the same phase that redues the gauge
symmetry in the ompatied model fromE8×E8 to SO(16)×SO(16), uniquely in the
unompatied ase also projets out the spaetime supersymmetry generator. The
natural question is therefore what is the relation in the ompatied ase between the
supersymmetri an nonsupersymmetri models. We turn to address this question
in the next setion.
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4 Interpolations
To explore the onnetion between the two models we explore the following om-
patiations. First we study the ompatiation of the heteroti E8×E8 on a irle
S1 moded by Z2 × Z
′
2 orbifold as in (3.9). The resulting theory is a heterotistring
with N = 1 supersymmetry and SO(16)× SO(16) gauge symmetry. Shematially,
we have
(Het E8 × E8 on S1)
Z2 × Z ′2
= het SO(16)× SO(16) on S1 with N = 1 SUSY (4.1)
Next, we ompatify this heteroti SO(16) × SO(16) model on another irle S ′1
moded by Z ′2 with the shift
Z ′′2 : g
′′ = (−1)F+Fξ1+Fξ2δ2 (4.2)
and
δ2 : X8 → X8 + πR8 ⇒ Γmn → (−1)
mΓmn . (4.3)
The fermion numbers Fξ1 and Fξ2 in eq. (4.2) are as before, whereas the fermion
number F refers to the spaetime fermion number. We then demonstrate that
the limit R8 → 0 of the SO(16) × SO(16) nonsupersymmetri heteroti string in
eight dimensions produes the partition funtion of the ten dimensional SO(16) ×
SO(16) nonsupersymmetri heteroti string ompatied on a irle S1, moded by
the Z2×Z
′
2 orbifold. Alternatively, the deompatiation limit R8 →∞ of the non
supersymmetri heteroti string ompatied to eight dimensions, interpolates to the
a supersymmetri SO(16)× SO(16) heterotistring in nine dimensions, moded by
the Z2 × Z
′
2 orbifold.
To demonstrate these interpolations in a manner similar to [19,20℄ we start with
the partition funtion of the E8 × E8 heterotistring ompatied on one S1. The
partition funtion of this vauum is given in eq. (3.11). We then implement the
Z2×Z
′
2 orbifold projetion given in eq. (3.5). Operating with the Z2×Z
′
2 introdues
a disrete torsion, ǫ = ±1, in the partition funtion, whih is an undened sign
between independent modular orbits. The hoie of the negative sign produes a
supersymmetri nine dimensional string vauum with SO(32) gauge group, with
Z
9d
−
=
(V8 − S8)
τ2
7
2 (ηη)8
[
(O32P+ + S32P−)Λ + (V 32P− + C32P+)Λ 1
2
]
(4.4)
where we introdued the notation
P± =
1
2
(1± (−1)m) (4.5)
and
Λ ≡ Λm,n
Λ 1
2
≡ Λm,n+ 1
2
(4.6)
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We note that the ± index here refers to the hoie of the disrete torsion, ǫ = ±1,
and diers from the ± index used previously whih referred to the hoie of the sign
in eq. (2.4). The hoie ǫ = +1 yields
Z
9d
+ =
(V8 − S8)
τ2
7
2 (ηη)8
{
[
(O16O16 + C16C16)P+ + (S16S16 + V 16V 16)P−
]
Λ +
[
(C16O16 +O16C16)P+ + (V 16S16 + S16V 16)P−
]
Λ 1
2
}
(4.7)
whih is a generalization of (3.12) to an arbitrary point in the moduli spae. The
partition funtion in eq. (4.7) is our starting point for interpolating between the
relevant string vaua disussed above. We next mod out the partition funtion given
in eq. (4.7) by the Z ′′2 orbifold given in eq. (4.2). The resulting partition funtion is
given by
Z
8d
+ =
1
τ23(ηη)
8 [{ V8
[
(O16O16 + C16C16)P+ + (S16S16 + V 16V 16)P−
]
Λ (4.8)
− S8
[
(C16O16 +O16C16)P+ + (V 16S16 + S16V 16)P−
]
Λ 1
2
}
P+Γ
+ { V8
[
(O16C16 + C16O16)P+ + (V 16S16 + S16V 16)P−
]
Λ 1
2
− S8
[
(O16O16 + C16C16)P+ + (S16S16 + V 16V 16)P−
]
Λ
}
P−Γ
+ { O8
[
(O16C16 + C16O16)P− + (V 16S16 + S16V 16)P+
]
Λ 1
2
− C8
[
(O16O16 + C16C16)P− + (V 16V 16 + S16S16)P+
]
Λ
}
P+Γ 1
2
+ { O8
[
(O16O16 + C16C16)P− + (V 16V 16 + S16S16)P+
]
Λ
− C8
[
(O16C16 + C16O16)P− + (V 16S16 + S16V 16)P−
]
Λ 1
2
}
P+Γ 1
2
]
We an now study the various limits as R8 → 0 and R8 →∞, where R8 is the radius
of the Γ lattie whih aounts for the spontaneous supersymmetry breaking. These
limits are:
R8 →∞ R8 → 0
Γ→ 1 Γ→ 1
(−1)mΓ→ 0 (−1)mΓ→ 1
Γ 1
2
→ 0 Γ 1
2
→ 1
(−1)mΓ 1
2
→ 0 (−1)mΓ 1
2
→ 1
(4.9)
and
1
τ23(ηη)
8 →
1
τ2
7
2 (ηη)8
Therefore, in the limit R8 → ∞ we reover the partition funtion in eq. (4.7),
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whereas the limit R8 → 0 yields
Z
9d
R8→0
=
1
τ2
7
2 (ηη)8
({ V8
[
(O16O16 + C16C16)P+ + (S16S16 + V 16V 16)P−
]
Λ(4.10)
− S8
[
(C16O16 +O16C16)P+ + (V 16S16 + S16V 16)P−
]
Λ 1
2
}
+ { O8
[
(O16C16 + C16O16)P− + (V 16S16 + S16V 16)P+
]
Λ 1
2
− C8
[
(O16O16 + C16C16)P− + (V 16V 16 + S16S16)P+
]
Λ
}
)
We need to understand now what theory this partition orresponds to and how it is
onneted to the nonsupersymmetri nontahyoni SO(16) × SO(16), or diretly
to the supersymmetri E8 × E8 heterotistring theory. For this we onsider the
partition funtion of the ten dimensional E8×E8 heterotistring given in eq. (3.14)
moded by the orbifold given in eq. (3.16). The resulting partition funtion is given
in eq. (3.15) and is nonsupersymmetri SO(16) × SO(16) heteroti string. After
that we ompatify the nonsupersymmetri SO(16)× SO(16) heteroti string on a
irle S1 and projet with the freely ating Z2 × Z
′
2 orbifold given in eq. (3.8). The
partition funtion in this ase,with the disrete torsion ǫ = −1 exatly reprodues
the one given in eq. (4.11), whih is obtained from eq. (4.9) in the limit R8 → 0.
Alternatively to the above derivation we an interpolate the vaua at the speial
point in the moduli spae, with the lattie given in terms of the haraters of eq. (3.3).
Starting, say, from the E8×E8 heterotistring ompatied to six dimensions, with
Z6d+ =
(V8 − S8)
τ22(ηη)
8
[
|O8|
2 + |V8|
2 + |S8|
2 + |C8|
2
] (
O16 + S16
) (
O16 + S16
)
, (4.11)
Further we perform a ompatiation on a irle S1 with a Z2 × Z
′
2 obifold ation
dened in (3.4), with FLS8 = S8 and FLC8 = C8 sine now we are dealing with a
four dimensional internal lattie. Further we ompatify the model on another irle
with Z ′′2 orbifold ation dened in (4.2). As it ould be expeted the result of this
proedure is the same as in the ase if the ompatiation to eight dimensions whih
was disussed above in this hapter with the following substitutions
P+Λ → |O8|
2 + |V8|
2
P−Λ → |S8|
2 + |C8|
2
P−Λ 1
2
→ O8V¯8 + V8O¯8
P+Λ 1
2
→ S8C¯8 + C8S¯8. (4.12)
To summarise, we note that the hoie of the disrete phase in the free fermioni
models is realised as an orbifold in the bosoni formalism. It is represented as a
fermion number ating in the gauge setor, oupled with a shift in the internal lattie
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or, alternatively, with a fermion number ating in the internal lattie at the enhaned
symmetry point. The hoie of the spei free phase in c
(
ξ1
ξ2
)
= ±1 determines
many of the phenomenologial properties of the free fermion models. Understanding
how the projetion indued by this phase is realised in the bosoni language will
failitate the reprodution of these features in orbifold models. In the ten dimensional
free fermion model the hoie c
(
ξ1
ξ2
)
= −1 projets out N = 1 supersymmetry. On
the other hand, in lower dimensional free fermion models with c
(
ξ1
ξ2
)
= −1 N = 1
spaetime supersymmetry is preserved, and the onnetion between the models is
obsured. As we demonstrated here the bosoni representation of the models laries
the situation and eluidated how the dierent ases are onneted by interpolations.
This demonstrates how the fermioni and bosoni representations of the string vaua
provide omplementary tools to reveal their properties.
5 Conlusions
String theory provides a unique framework to study how a spin 2 quantum eld
theory may be onsistently inorporated with lower spin quantum eld theories. As
suh it provides a unique arena to explore how the phenomenologial properties of
the Standard Model may arise from a theory of quantum gravity, and is hene the
leading ontender for a unied theory of gravity and the gauge interations. Indeed
string theory gives rise to a multitude of vaua that an in priniple be relevant for
low sale phenomenology. Among those the models onstruted in the free fermioni
formulations admit partiularly appealing struture. The existene of a plethora of
vaua would seem problemati from the low energy eetive quantum eld theory
point of view. However, the lesson from the existene of symmetries under various
duality transformations is that vaua that appear to be disonneted in the eetive
eld theory limit may in fat be onneted in the string theory due to the existene
of the massive spetrum.
A key ingredient in the onstrution of the phenomenologial free fermioni mod-
els is the GGSO phase, eq. (2.4). In the quasirealisti four dimensional models this
hoie of phase aounts for the redution of the GUT symmetry from E6 → SO(10),
whih results in Higgsmatter splitting [8℄. Uniquely, in the ten dimensional ase this
hoie of phase also projets out the spaetime supersymmetry generator. While
the free fermioni models possess phenomenologially attrative properties, it is of
interest to obtain a representation of these models in a bosoni, i.e. orbifold, formu-
lation. The reason being that the bosoni representation an reveal the geometrial
strutures underlying these models and hene to probe possible dynamial vauum
seletion senarios. Hene, it is of interest to learn how the breaking indued by
the phase given in eq. (2.4) operates in the orbifold models. In general, we observe
that this breaking is indued in the bosoni formalism by oupling the fermion num-
ber of the observable and hidden gauge degrees of freedom with a fermion number
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ating asymmetrially on the internal lattie at the selfdual point in the moduli
spae, or on the spaetime fermions. Alternatively, the ation in the internal dimen-
sions an be represented as a mod two shift in the ompatied oordinates. In the
ten dimensional ase the only possible internal ation is on the spaetime fermions,
whih breaks supersymmetry. We further addressed in this paper the question of how
the models with the dierent ations of the fermion number in the internal spaes
may be onneted. This question is similar to the onnetion between the E8 × E8
and SO(16)× SO(16) heteroti strings, obtained by interpolations [19℄. Indeed, we
demonstrated in setion 4 that the models produed by these diering ations an
be onneted by interpolations, i.e. that the relevant partition funtions are repro-
dued in the appropriate limits. The phenomenologially appealing properties of the
free fermioni models motivates their exploration in further depth. All the models
studied to date in this ontext are supersymmetri and stable. However, it is plau-
sible that unstable and nonsupersymmetri vaua an be instrumental for probing
questions pertaining to dynamial vauum seletion senarios. It is therefore vital
to explore how the nonsupersymmetri models are inorporated in this piture, as
well as in that of Mtheory [21, 22℄. Understanding the bosoni equivalene of the
free fermioni models, and their embedding in osmologial string solutions, oers
the possibility of developing suh a dynamial string vauum seletion senario. We
hope to return to these questions in the future.
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